Even without an ability to understand German, reading the title page of Die Wirkung der Eisernen Lunge bei Poliomyelitis, 1951 1 , suggests it might contain an historic insight into a disease and a device that are now largely extinct. Being an anaesthetist and descendent of the author, the dissertation was of great interest as it describes a milestone both in medicine and its author's life.
Once translated from German to English what emerged was The Effectiveness of Iron Lung Ventilation in Poliomyelitis, a review on the impact of polio during the 1940s and how it was managed at The University Children's Hospital, Zurich. This article will introduce the author, explore the dissertation and place it into the context of respiratory support and the particular challenges of poliomyelitis at that time (see Figure 1 ).
Dr Nandor (Ferdinand) Eichel
In April 2015, my (TE) patient at the Pre-Anaesthetic Clinic at St George Hospital, Sydney was incidentally found to have a blood pressure of 80/50. I wrote a letter to his local doctor asking him to review and manage his antihypertensive medications and refer him back to us at the clinic. The following day I received a call from that doctor explaining that he had adjusted the patient's medications. He asked if I was related to a general practitioner, Dr Eichel from Mackenzie St in Bondi Junction in Sydney. I explained that he was my grandfather.
"Well he saved my mother's life," he said. Our conversation had now shifted from professional to personal. He told me that Dr Eichel had secured papers for his mother during WWII in Hungary which helped her to survive the war. "If it wasn't for him," he said, "we wouldn't be having this conversation."
This encounter portrays several aspects of Ferdinand (Nandor) Eichel's life. He was born on 30th August 1914 in Budapest in the Austro-Hungarian Empire. He was named after both his maternal grandfather and Archduke Franz Ferdinand of Austria, whose assassination the previous month is renowned as the catalyst for World War I. These were times of incredible hardship as his father served in the Hungarian army, while Nandor, his brother and two sisters remained with his mother. In the wake of the war, Hungary was politically unstable and there was great social unrest.
Nandor began school at the age of six and at 14 went onto rabbinical school, graduating as a rabbi at 24. In 1938 he returned to Hungary with the news of Germany's annexation of Austria. When Germany invaded Poland in 1939 sparking World War II, Hungary joined the Axis in the fight against the USSR and for the second time Nandor found himself living in a country at war. Considering his employment prospects, Nandor could not access higher education due to the Hungarian Numerus Clausus Act 2 . This law, enacted in 1920, was a religious quota limiting the numbers of Jews allowed into higher education institutions to 6%, so he undertook an apprenticeship as a tailor.
Shortly after, in 1940, he was offered the position as head of the Hungarian branch of the American Joint Distribution Committee (AJDC), a Jewish humanitarian organisation. He was provided with a driver and bodyguard and his role was to try to safeguard people under threat. Using his determination and negotiation skills he approached various embassies and secured emigration visas for many families to leave Europe. He gained Swiss protection visas for families remaining in Hungary offering them a temporary measure of safety. In addition to this work, he helped many people escape slave labour. He would inject the toxic oil of ricin into their knees to render them unfit. He did this to himself and permanently walked with a limp due to his damaged knee.
In August 1941, whilst Nandor and his pregnant wife Edith were in hiding in an apartment, his sister, Rose was deported from Hungary to Kamenets-Podolsk, Ukraine. She was among 23,600 Jews killed there in a two day massacre. Despite these chaotic and tragic times, in November their first child Robert was born. In 1944, with the new pro-German government in occupied Hungary, there was no longer protection through visas or papers. Wearing the yellow star was compulsory, property was expropriated, Jews were forced to leave professions and move into ghettos. Nandor and his family were sheltered in the Swiss consulate. At this time the Jewish population in greater Hungary was 762,000. By 1945, 450,000 Jews had been deported to concentration camps. Within Budapest, death squads of the radically anti-semitic Arrow Cross murdered thousands of Jews 3, 4 .
Whilst sheltering in the Swiss consulate an armed Arrow Cross operative entered threatening to kill Nandor and his family. Nandor shielded Robert while a Swiss officer persuaded the operative to leave as the consulate was a protected territory. Following this narrow escape, they survived the remaining months of the war in the consulate. In the subsequent months Nandor and his family took stock and adjusted to their new reality. Nandor was intensely driven to forge a future for his family. His priorities were to leave Hungary, be independent and self-employed. He engaged a private tutor to complete the matriculation and chose medicine as it would provide him with a vocation and the autonomy he so desired. He enrolled in the medical faculty at Budapest University in 1945.
In 1947 they had a daughter Judy. During this time the communist government began to restrict transit and in late 1948 Nandor became aware that the opportunity to emigrate might close off imminently. The family travelled to Paris where he parted from Edith and their two children who flew to Sydney, Australia. Through his relationship with the Swiss and the AJDC, he received a scholarship at the University of Zurich where he qualified in medicine in 1950. He produced the Dissertation, the subject of this paper, toward the completion of his medical degree. In November 1950 Nandor arrived in Sydney. He completed three years of Medical school at the University of Sydney, taught himself English concurrently and received his Australian Bachelor of Medicine in 1954. He completed his internship in Parramatta and then spent two years working in a busy General Practice in Bankstown before setting up his own rooms in Mackenzie St, Bondi Junction in 1957. He was a very devoted physician and worked for as long as he could, only stopping due to illness in 1998, shortly after which he died. He had many loyal patients, some of whom having met me coincidentally during the course of my work, praised him highly. Nandor was the first of three generations of Doctors Eichel in Australia, two of whom are anaesthetists-his son Robert and one of the authors (TE).
The Dissertation: 'The Effectiveness of Iron Lung Ventilation in Poliomyelitis'
Eichel wrote his forty-page dissertation under the direction of two famous Swiss paediatricians Professor Hans Zellweger (of Zellweger syndrome) and Professor Guido Fanconi (of Fanconi syndrome and Fanconi anaemia), the director of The University Children's Hospital (UCH) in Zurich. The dissertation describes the equipment they used to treat acute paralytic polio and evaluates the effectiveness of the iron lung (IL) in the different clinical groups.
Until the late 19th century the enterovirus poliovirus was endemic, with sporadic cases of paralytic poliomyelitis (Greek: Polios-grey, myelos-marrow, itis-inflammation) documented since ancient times.
As poliovirus is highly infectious, infants ingested the ubiquitous virus and developed immunity. Under conditions of poor hygiene most children acquired immunity. With increasing urbanisation and sanitation in the late 1800s, herd immunity began to fall resulting in outbreaks. Polio epidemics were notorious in Australia, Europe and the United States in the first half of the 20th century.
Of all polio infections, 98% caused only a flu-like illness or were asymptomatic 5, 6 . In 2% of cases the virus invaded the central nervous system (CNS) lodging in the anterior horn causing an acute flaccid paralysis. In half of the CNS cases paralysis was permanent.
Eichel describes the clinical subgroups based on CNS distribution-Spinal, Bulbar, Respiratory and Circulatory centres.
He notes that an immediately life-threatening situation arises… whenever respiratory compromise is involved, resulting in decreased oxygenation leading to hypoxaemia, hypercapnia and inevitable respiratory acidosis 1 . The UCH Zurich were given their first iron lung by the American Army in Germany in 1946 shortly after which a further two were purchased 7 . The IL was used to manage respiratory failure from paralytic poliomyelitis …and had originally awakened high expectations among both medical practitioners and the lay public, which unfortunately were not all fulfilled 1 . The other treatment options for acute respiratory paralysis in their hospital were:
The Biomotor …an extremely noisy apparatus which the patients found inordinately disturbing and only produced ventilation in those lung segments adjacent to the diaphragm 1 . The Biomotor was a type of cuirass, an Abdominal Compression-Decompression (ACD). It was first described in 1904 by Dr Rudolf Eisenmenger of Hungary 8 . It comprised a rigid, airtight dome extending from upper sternum to pubis. Foot operated bellows were connected into the cavity of the dome. Suction on the abdominal wall drew air into the lungs and pressurising the bellows caused the lungs to empty. It was widely used due to its simplicity, although was not as effective as the full tank ventilator.
The Danish 'wippe' apparatus, 'rocking bed' in USA …the patient is fastened by the feet and shoulders… moving the body in a see-saw fashion…ventilation by passive diaphragmatic movement 1 . When tested against the tank ventilator on patients with paralytic polio, the wippe was found to produce significantly smaller tidal volumes which were inadequate for respiration 9 .
Electrical stimulation of the phrenic nerve …as presented by Sarnoff, Witzensberger and Harburg. The phrenic nerves on each side of the diaphragm are stimulated with electric current in a rhythmic fashion, producing diaphragmatic contraction…the phrenic n. can be stimulated percutaneously, more rarely the nerve must be exposed 1 . Phrenic nerve stimulation was described in 1872 by Guillaume Benjamin Amand Duchenne in France as "the best means of imitating natural respiration". Sarnoff and colleagues at Harvard in 1948 stated that "in animal models a completely adequate ventilation could be produced by this method" 10 . The technique was used at UCH on several patients with respiratory paralysis and found to be ineffective.
The Iron Lung …until now the most important mechanism of artificial ventilation. The usual pressure gradient -10 to -15mmHg and +2 to +5mmHg…Great difficulties ensue when babies or very young children require placement in the iron lung…smaller versions of the IL have been constructed but these machines are only available in the largest poliomyelitis treatment centres 1 .
From the case presentations that follow it appears that clinical signs were largely used to assess the severity of respiratory failure. Interestingly, monitoring with pulse oximetry is also mentioned:
…For the earliest possible measurement of an oxygen deficit, the use of the Oximeter developed by Millikan and Smalles can be used. This may be placed on the earlobe and allows measurement of Oxyhaemoglobin in flowing blood by a photoelectric cell 1 . Glenn Allan Millikan (1906-1947) who coined the term 'oximeter', was amongst the earliest inventors of haemoglobin-oxygen saturation in vivo monitors 11 . He built on the early work of German physiologists, Ludwig Nicolai and Kurt Kramer, who by 1935 had devised an apparatus to record oxygen saturation in animals. That same year, Karl Matthes, also of Germany, built a device to measure oxygen saturation of blood via the ear. Millikan had worked in Germany and with Kramer in Cambridge, before developing his oximeter in the United States in 1940. Millikan's focus was on detecting the desaturation with loss of consciousness that was affecting military pilots at altitude fighting in WWII. The technology was adopted into medicine shortly after.
At the UCH the practice was that as soon as the first signs of respiratory compromise appear, the patient should be placed in the IL 1 .
Cases presenting with poliomyelitis requiring IL ventilation
Nineteen case histories requiring the iron lung are then presented (see Table 1 ). There were 23 children, however UCH …obtained the IL at the end of 1946, so from the five patients [that year] with respiratory failure, only one received IL treatment 1 .
The cases are subdivided into mechanisms of respiratory failure. 1. Respiratory muscle paralysis due to spinal cord involvement-ten cases 2. Swallowing impairment-two cases 3. Swallowing impairment in combination with other forms of paralysis-seven cases Below are two representative cases with and without swallowing impairment that illustrate the use and effectiveness of the iron lung. On admission… paralysis of the shoulder girdle, bilateral upper arm musculature, respiration predominantly abdominal, and diffuse pain and paralysis in both legs.
Ventilation was purely via the diaphragm with intercostal muscles completely paralysed, clearly recognisable Poliomyelitic facies and cold extremities.
On the 8th day of the illness due to clearly progressing cyanosis the patient was placed in the Iron lung, whereupon she immediately improved her oxygenation, her restlessness disappeared and she immediately fell asleep.
The child was ventilated between 5-10 hours per day in the Lung up until the 15th day of the illness. By this time contractions of the intercostal muscles were observable… as well there were increased movements of her extremities. After 2½ months the child was discharged home. Summary: a 5½ year old girl with severe spinal cord Poliomyelitis without obvious CNS or bulbar involvement, required 33 hours of ventilation in the Iron lung. 1½ years later she was able to stand independently, walk with support, lift her head weakly… as she has no CNS damage from the disease or hypoxia it is likely she will be able to maintain a career in an area where she is able to sit and work. Case 19: G. Vreneli, born 25.10.1941 1948 20th May Prodromal illness with vomiting, sore throat, temperature… On 24th May pain in both legs, on 25th May no longer able to sit up and recognised as Poliomyelitis. Summary: initially this young girl was afflicted with respiratory muscle paralysis, however subsequent swallowing impairment occurred, although this was at this stage survivable. Unfortunately, there was later also central respiratory centre involvement which meant a lethal outcome was unavoidable 1 .
Of the total 19 children where the iron lung was used in the Zurich case series, ten survived (see Table 2 ).
Following the cases, the treatment with the IL in poliomyelitis was critically appraised. Eichel notes the limitations of the IL where disease extended above the spinal cord.
Firstly, in cases with bulbar involvement: Aspiration and its consequences cannot be avoided by mechanical ventilation in the iron lung. Indeed… aspiration risk should be avoided by use of a tracheostomy instead of almost continuous suctioning. Swallowing Impairment in combination with other types of paralysis: The majority of our cases died due to… the double insult. Our conclusion is that in these cases lung complications should be avoided through use of a tracheostomy and prophylactic penicillin injections 1 . Secondly, Circulatory and Respiratory centre involvement-these cases are currently untreatable with contemporary methods. Sarnoff suggests electronic stimulation of the phrenic nerve… Unfortunately to date we have had no success. Bower recommends in these cases the use of Curare, in a dose given by Ransohoff of 0.9-1.5E of Intocostrin 2-3 times daily, to offset the irregular breathing impulses from the damaged Respiratory centre 1 . The use of Curare (trade name Intocostrin) in polio was first documented in 1945, when an orthopaedic surgeon, Ransohoff in New Jersey, gave 29 patients with acute anterior polio intramuscular injections of Intocostrin 12 . Their regimen was 0.9 units per kilogram, eight hourly for 24 hours and then increasing to 1.5 units per kilogram eight hourly. The rationale was to reduce muscle spasm and pain to facilitate physical therapy and thereby prevent muscle contractures. Ransohoff presented very positive results. Eichel refers to Bower's work 13 from 1946, where ten patients in the IL were given Intocostrin to relieve intercostal and laryngeal muscle spasm and synchronise with the respirator. Bower reports that it was effective for use with the IL.
At the end of the dissertation Eichel concludes:
We therefore have to reduce our initially high expectations of iron lung treatment if only a quarter of those treated by mechanical ventilation achieve a full or near full recovery. Despite those outcomes, the iron lung remains an advance on the earlier means of mechanical ventilation 1 .
Negative pressure ventilation for polio-induced respiratory failure
During the polio epidemics of the 20th century hospitals were inundated with patients needing respiratory support. At the time existing techniques could be divided into positive and negative pressure ventilation devices. Negative pressure ventilators included cuirass and tank ventilators and operating chambers. The French word cuirass dates back to the 15th century meaning the chest plate of a suit of armour. These negative pressure ventilators left the limbs free and were more portable, however they were much less effective than tanks.
The first tank ventilator was produced in 1838 by Scottish physician John Dalziel [14] [15] [16] [17] . He had the novel idea that sub atmospheric pressures applied rhythmically with respiration would relieve respiratory failure. The patient sat in an airtight box with their head outside. Negative pressure was generated manually via bellows. Various tank ventilators emerged in Europe, the USA and Australia, however they were all clearly similar in design and concept to Dalziel's (see Figure 4) .
The tank's advantages over positive pressure devices were that the patient's face was free and the negative pressure did not cause gastric insufflation. However, it's effectiveness was limited in polio-induced bulbar palsy due to airway obstruction and aspiration of secretions.
The iron lung and polio epidemics
In 1928 the first commercially produced tank ventilator to achieve widespread use was designed by Philip Drinker and Dr Louis Agassiz Shaw in Boston 18, 19 .
Dr Cecil Drinker, a professor of physiology at Harvard and his brother Philip, an engineer, were commissioned to develop a resuscitation device for industrial casualties as an alternative to the Drager Pulmotor positive pressure device. Their iron tank had an airtight opening for the neck, with a pump that could deliver up to 60-mmHg positive or negative pressure at a rate of 10-40 breaths per minute. In October 1928, the 'Iron Lung' was used on its first patient, a child infected with polio.
Polio and negative pressure ventilation in Australia
The first polio epidemic documented in Australia was in Port Lincoln, South Australia in 1895 20 . It was the epidemic of 1937 however, that resulted in a significant Australian contribution to negative pressure respiration. When polio arrived in Victoria in 1937, there were only a handful of Drinker machines in the country. To make up for the shortfall, Professor Aubrey Burstall, Chair of Engineering at Melbourne University designed a plywood cabinet respirator modelled on the Drinker, which was produced and provided to many regional centres in Victoria 20, 21 . The advantages were its markedly reduced cost and much greater portability.
A few months later when polio arrived in South Australia, the government looked for a local manufacturer to fill their shortage of tank ventilators. Eileen, Edward and Donald Both of Both Equipment Ltd. produced a cheap, reliable plywood machine driven by bellows.
In a striking example of being in the right place at the right time, Edward and Eileen were on a business trip to London during a severe polio epidemic in 1938. On hearing a BBC radio story of a boy who died of respiratory paralysis, Edward Both contacted the London County Council and built them a Both respirator which they trialled and bought. The device then appeared in a film made by the Oxford Anaesthetic Department on artificial respiration machines. When William Morris, Lord Nuffield, was visiting that department, of which he was the benefactor, he was shown the film. He was taken with the idea of saving young lives and promised to mass produce and provide the Both ventilator to any hospital in the British Empire. Tank ventilators were widely used during the polio epidemics into the 1950s and in the home setting by those with permanent paralysis for decades to follow. A working Both ventilator with identifying label can currently be seen at the Prince Henry Hospital Trained Nurses Association Nursing and Medical Museum in Sydney (see Figure 5 ).
Progression from negative to positive pressure respiratory support
Staff managing polio were faced with the challenge that many patients in tank ventilators suffered airway soiling and obstruction. This prompted the transition to positive pressure ventilation with a protected airway. In 1949 doctors at the Los Angeles County hospital began to use positive pressure combined with tank ventilation. The Bennet 'Flowsensitive Pressure Breathing Unit' supplemented tank ventilation with intermittent positive pressure support either via tracheostomy, tracheal tube or mask (see Table 3 .) They showed a drastic fall in mortality rates for polio patients after the Bennett attachment became available in September 1948, from around 70% to 17%. This was likely due to the benefit of a protected airway in addition to improved ventilation 22, 23 .
The mortality rate in this Zurich case series was 49% which compares favourably with the Los Angeles series. Mortality rates may have varied due to caseloads, relative numbers of iron lungs available and likely institutional differences in practice. The Zurich mortality rates are also lower than the following Copenhagen series. The Copenhagen 1952 polio epidemic is also renowned as a turning point from negative to positive pressure 24 . Early in the epidemic the mortality rates were disturbingly high. Dr Ibsen, an anaesthetist, wrote of being called to assist Professor Lassen, Chief Physician of Bledgam hospital after 27 of 31 patients in his care died of bulbar poliomyelitis despite treatment with tank or cuirass ventilators.
Ibsen performed a tracheostomy on a 12-year-old girl "gasping for air and drowning in her own secretions" and inserted a cuffed endotracheal tube 24 . He found that even after being placed in the tank respirator she needed "respiration assisted… by intermittent squeezing of a bag connected with the tracheotomy tube". Ibsen then outlined principles of treatment for respiratory failure and upper airway paralysis including early oral intubation or tracheostomy to prevent soiling of the airway, manual intermittent positive pressure ventilation and treatment of shock with blood, serum or vasopressors. After these strategies were introduced in August 1952, the mortality of polio patients requiring ventilation reduced to 22% 25 (see Table 4 ).
Current global status of poliovirus
There is no cure for polio, it can only be prevented through vaccination 26 . In 1956 when Salk's inactivated (IPV) injection was introduced the incidence of polio in the US dropped by more than 90%. Sabin's oral live-attenuated (OPV) replaced the Salk vaccine in 1962. In 1988, the Global Polio Eradication Initiative (GPEI) was launched by national governments, WHO, Rotary International, the US Centers for Disease Control and Prevention and UNICEF, with partners including the Bill and Melinda Gates Foundation.
In this global public health initiative, the OPV which provides superior intestinal immunity was widely administered and several cases of vaccine-associated paralytic poliomyelitis (VAPP) developed. Currently in Australia IPV is on the immunisation schedule as it cannot cause VAPP and OPV is no longer used 27 . In May 2016 OPV used in the GPEI had one of the three polio serotypes removed from the OPV as part of the Polio Eradication and Endgame Strategic Plan 2013-2018 28 . With widespread immunisation, herd immunity maintains a low risk of polio outbreaks. Yet, even within Australia, children whose parents opt out of immunisation become vulnerable to polio.
Polio's legacy remains in those left with permanent weakness, deformity or postpolio syndrome (PPS). PPS is characterised by new onset muscle weakness or atrophy, fatigue, pain and sleep-disordered breathing 29 . Anaesthetic issues may arise due to respiratory impairment, chronic pain, cold intolerance, bulbar dysfunction with increased aspiration 
